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Abstract

In this paper we present a new method for the numerical solution of the relativistic Vlasov—Maxwell system on
a phase-space grid using an adaptive semi-Lagrangian method. The adaptivity is performed through a wavelet mul-
tiresolution analysis, which gives a powerful and natural refinement criterion based on the local measurement of
the approximation error and regularity of the distribution function. Therefore, the multiscale expansion of the dis-
tribution function allows to get a sparse representation of the data and thus save memory space and CPU time.
We apply this numerical scheme to reduced Vlasov—Maxwell systems arising in laser—plasma physics. Interaction of
relativistically strong laser pulses with overdense plasma slabs is investigated. These Vlasov simulations revealed a
rich variety of phenomena associated with the fast particle dynamics induced by electromagnetic waves as electron
trapping, particle acceleration, and electron plasma wavebreaking. However, the wavelet based adaptive method
that we developed here, does not yield significant improvements compared to Vlasov solvers on a uniform mesh
due to the substantial overhead that the method introduces. Nonetheless they might be a first step towards more
efficient adaptive solvers based on different ideas for the grid refinement or on a more efficient implementation.
Here the Vlasov simulations are performed in a two-dimensional phase-space where the development of thin fila-
ments, strongly amplified by relativistic effects requires an important increase of the total number of points of the
phase-space grid as they get finer as time goes on. The adaptive method could be more useful in cases where these
thin filaments that need to be resolved are a very small fraction of the hyper-volume, which arises in higher
dimensions because of the surface-to-volume scaling and the essentially one-dimensional structure of the filaments.
Moreover, the main way to improve the efficiency of the adaptive method is to increase the local character in
phase-space of the numerical scheme, by considering multiscale reconstruction with more compact support and
by replacing the semi-Lagrangian method with more local — in space — numerical scheme as compact finite
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difference schemes, discontinuous-Galerkin method or finite element residual schemes which are well suited for par-
allel domain decomposition techniques.
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1. Introduction

Vlasov models have long been used to study short pulse high intensity laser—plasma interaction where col-
lisions can be ignored. This is the case for parametric instabilities, beat wave, Raman, Brillouin scattering or
particle acceleration mechanisms. Since the suggestion by Tajima and Dawson [45] of particle acceleration by
means of plasma waves in 1979, various schemes have been proposed to excite large amplitude electron plasma
waves (EPW) (theoretically capable of reaching an electric field of the order of GV/m). Such a wave is of inter-
est as a particle accelerator concept since electron plasma wave amplitude can largely exceed the breaking limit
of the standard metallic cavity based accelerators, which is of the order of 30 MV/m.

One effective way to produce such a wave uses the forward stimulated Raman scattering (SRS) which is a
stimulated decay of incident light wave (pump wave) into a scattered wave and a forward-going plasma wave
[24]. The driven version of this process, the plasma beatwave accelerator (PBWA), relies upon the non-linear
resonant interaction of two parallel intense laser beams [45] with a frequency difference close to the plasma
frequency. In these conditions, the beat of theses two waves resonantly induces a high-phase velocity longitu-
dinal plasma wave which traps and accelerates electrons to relativistic energies. More information can be
found for instance in [23].

Intensities above 10" W cm™2 are reached with recently developed pulsed lasers and relativistic plasma
wavebreaking can now be experimentally investigated. Particularly, one of the most interesting problems in
this domain is the laser propagation through overdense plasma, in which the propagation is classically forbid-
den (i.e. plasmas having densities above n. = 1.1 x 1021)»3 cm 3, where A is the laser wavelength in microns).
However, at very high intensities, two penetration mechanisms have been considered: relativistic self-induced
transparency, and conventional hole boring or forward motion of the critical surface caused by the ponder-
omotive pressure. Furthermore large amplitude waves can be unstable being subject to parametric instabilities.
We will come back to this effect in Sections 6.1 and 6.2.

Since collisions can be ignored, the Vlasov—Maxwell system has to be used. Although very interesting ana-
lytical results are obtained from more simple fluid models such as non-linear dispersion relations, growth
rates, envelope models, Manley—Rowe partition between photons, plasmons or phonons, etc., the importance
of resonant wave—particle interaction leads to the use of the full kinetic relativistic Vlasov equation and fur-
thermore to the use of numerical simulation.

However, the simulations based on the well-known Particle-In-Cell (PIC) method, have difficulty in supply-
ing a usefully precise description of the electron acceleration process. This is because the PIC codes lack
enough particles to display the detailed phase-space structure of the distribution function which is often
obtained in those regions of phase-space where particle and phase velocities are comparable and where trap-
ping occurs. For some work related to laser—plasma interaction and other tasks, using PIC code, we refer to
[30,46,10].

On the other hand, direct solution of the Vlasov partial differential equation itself on a phase-space grid (the
so called Vlasov codes) have been found to be a powerful tool for studying in details the particle dynamics due
to the very fine resolution in phase-space [11,43,41,8,9]. For previous work concerning laser—plasma interac-
tion using Vlasov codes we refer to [37,38,4]. Vlasov simulations are slowly introduced in place of Lagrangian
PIC models for two main reasons: the lack of numerical noise and the fine resolution in velocity space, pro-
vided that the dimension of velocity space is as low as possible. This efficiency (in terms of accuracy and com-
putational time) is however lost when filamentation takes place in phase-space which then requires an
important increase of the total number of points of the phase-space grid to follow this filamentation. Usual
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semi-Lagrangian Vlasov models are not well adapted to describe the Dirac-like distribution functions or fine
phase-space filaments which characterize, for instance, the particle acceleration in laser—plasma interaction or
the well-known phase-space filamentation in velocity of the Vlasov equation. Much progress is then expected
from new adaptive time dependent grids with small mesh size in the non-zero regions and large mesh size for
the sparse regions. This approach bears the promise to improve Vlasov solvers in terms of performance and
accuracy. In the present work we introduce a two-dimensional phase-space mesh which can be refined or dere-
fined adaptively in time. For this purpose we use a technique based on multiresolution analysis which is in the
same spirit as the methods developed in [5,13,34]. The method was first conceived in [6] for the Vlasov—Poisson
system, then used in the context of beam physics in [31,7], and parallelized with optimized data structure in
[35]. In [32] the same method allows to conserve moments up to any order by using the lifting method intro-
duced in [44].

Let us make clear however, that the wavelet based adaptive method that we developed here, does not yield
significant improvements compared to Vlasov solvers on a uniform mesh due to the substantial overhead that
the method introduces. Nonetheless they might be a first step towards more efficient adaptive solvers based on
different ideas for the grid refinement or on a more efficient implementation.

2. PIC versus Vlasov codes

The question arises of the choice between PIC and Vlasov codes, even though PIC simulations (like any
Monte Carlo method) become numerically more interesting as the dimension increases.

Before deciding which code should be the best for a given problem it must be pointed out that solving Pois-
son equation (or Maxwell equations) is the same task for both PIC and Vlasov codes and needs the same spa-
tial grid, with a mesh size Ax of the order of the Debye length Ap. Let N, the number of mesh points for each
spatial direction; the total number of mesh points of the spatial grid for both codes can be estimated as
(N)* = (L/Ax)™ for a plasma with a typical length L, d, being the spatial dimension of the problem
(de=1,2or 3).

On the other hand solving the Vlasov equation with a semi-Lagrangian method consists in a numerical
computation of the characteristics ending at each mesh point (which is the equation of motion for the parti-
cles) followed by an interpolation procedure. This can be compared with a PIC solve which consists in the
computation of the particle motion for each particle followed by a charge and current deposition procedure.
Therefore, it is clear that pushing one particle in a PIC code needs roughly the same numerical effort as recon-
structing a phase-space mesh point in an Eulerian Vlasov code.

Consequently the ratio between the numerical effort for a PIC code and a Vlasov code (CPU time as well as
memory requirement) will scale as the ratio

N vlas
)
N part

where Ny, is the total number of mesh points in phase-space for the Vlasov equation and N, is the total
number of macro-particles in the corresponding PIC code.
For a Vlasov code N, can be written simply as the product of the spatial grid by the velocity grid

Ws = () 0, m

where d, is the dimension of the velocity space (d, =1, 2 or 3). Usually d, = d, but in some cases especially
when the characteristics of the Vlasov equation possess an exact invariant the two numbers may be different.
For a PIC code with a density of macro-particles 7y, Npare can be written

L\
Npart = I’l()de = nO(Ax)dx <Ax> . (2)

In (2) N% can be easily recognised and we see also the appearance of nyAx* which is nothing else but the
inverse of the graininess parameter due to particle discreteness of the PIC code
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1
no (;L,D)dx .

This relation deserves a few comments. A PIC code exhibits a paradoxical situation where the introduction
of a spatial grid Ax ~ Ap allows one to describe the collective effects through the mean field approximation but
at the price of the reintroduction of individual effects due to the finite number of macro-particles. These indi-
vidual effects are often considered as a numerical noise whose measure is clearly g, as given by (3). Thus
keeping the coherence of the macro-particle model needs gpic to be as small as possible. Ny, can be now
written

Epic = (3)

L\*
Npart = g;“l; (E) . (4>
Finally from (1) and (4) we get the ratio
Nvlas dy
=g (N,)™. 5
N = ge) 5)

To illustrate this relation consider a typical value N, = 100 which is quite reasonable to have a fine sampling
of the velocity space. From (5) we can draw Table 1.

Although these numbers must be considered with caution they give the general ideas for deciding the use of
PIC or Vlasov Eulerian code. Below the principal diagonal, Vlasov codes offers a better resolution at a smaller
cost, while, above the diagonal, PIC codes must be preferred. To be more precise

e The use of a low gpic value is needed when kinetic effects are dominant (e.g. resonant wave—particle inter-
action as considered). This points to the use of Vlasov codes. Moreover, in the PIC model, particles are
usually loaded so as to reproduce the velocity distribution function f. It means that the velocity space res-
olution on a tail region of f, where resonant wave—particle interaction occurs, would be coarser than in
other regions where f peaks. On the contrary, in a Vlasov code, phase-space resolution is always guaran-
teed, whatever the velocity profile of f.

e Finally the crucial point is the dimension of velocity space. As already demonstrated in [40] when the char-
acteristics of the Vlasov equation possess an exact invariant a drastic reduction in velocity space can be
done. This will be the case in Section 3 below. To sum up:

— For 1D velocity space Vlasov codes must be preferred.

— For 2D velocity space the question is open and depends on the level of noise which is bearable in the PIC
code; if a small level is needed to study the onset of instabilities in laser—plasma interaction with gp;c
smaller than 10~ for instance a Vlasov code has to be used. On the contrary, for gross phenomena
(where a small g is not needed) a PIC code will do the job at a lower price.

— For 3D velocity space unless the need of ultra low noise with very small g,ic PIC codes remain the only
choice.

Actually, a 1D velocity space is relevant for some important applications to fusion plasmas. This is the case,
for instance, in gyrokinetic modelling of magnetized plasmas: the recently developed gyrokinetic Vlasov code
GYSELA [33] offers powerful capacities to study ion temperature gradient driven turbulence in a tokamak
plasma. This is also the case (see Eq. (15)) for laser plasma interaction and obviously Vlasov codes are pow-
erful tools to study wave—particle interaction with interesting results for trapping and action transfer from par-
ticles and waves.

Table 1
PIC code versus Vlasov code: ratio Nyjus/Npare for N, =100

d,=1 d,=2 d,=3
Zpic=1072 1 10 10*
Zpie=10"* 1072 1 102
Zpic=1076 1074 1072 1
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Table 2
PIC code versus Vlasov code: ratio Nyjae/ Npare for Ny, = 1000

d,=1 d,=2 d,=3
Zpic = 1072 10 10* 107
Zpic=107* 107! 10 10°
8pic = 1076 1073 1 103

Nevertheless we would point out the problem of simulating ultra high intensity lasers. Due to strong accel-
eration, it may happen that most of the particles are localized in tiny regions of phase-space while large regions
are empty of particles. Very fine grids are needed and the number of mesh points in velocity space must be
greater than the value considered in Table 1.

Clearly for those mesh points where f'is close to zero, the computer is spending a lot of CPU time in com-
puting only zeros. For instance if filamentation is thin enough to require a finer velocity resolution with
N, = 1000 instead of N, = 100, results are less in favor of Vlasov codes as seen in Table 2.

This is a major drawback of Vlasov methods using a uniform and fixed mesh.

Since the non-zero regions evolve continuously with time, there is the need to have adaptive time dependent
grids with small mesh size in the non-zero regions and large mesh size for the sparse regions. This would
decrease N, to more interesting values for Vlasov simulation purpose.

This paper might be considered as a first attempt to investigate the possible use of adaptive techniques espe-
cially when the interesting physical phenomena occur in a localized phase-space region and do not require a
fine mesh everywhere. The adaptive method can be overlaid to the classical semi-Lagrangian method which is
based on the conservation of the distribution function along particle trajectories. The phase-space mesh can be
updated using a multiresolution technique as wavelet expansion, which gives a sparse representation and a
natural criterion to perform local grid refinements.

Our last remark, before we concentrate on the adaptive mesh Vlasov code, is that this general approach is
also valid for non-neutral plasmas. Non-neutral plasmas, like electrically neutral plasma, exhibit a broad
range of collective properties as equivalent Debye shielding, the fundamental role being played by the confine-
ment (electric or magnetic) fields. An appropriate thermal Debye length may be introduced for the equilibrium
constructed in the presence of the confinement fields. Basic theoretical studies of one component pure electron
plasmas showed that collective oscillation properties of non-neutral plasma [17-19] are directly analogous to
the collective properties of neutral plasma, as long as the equilibrium self-field effects due to the space charge
are appropriately modified.

3. The relativistic Vlasov—-Maxwell model

In this section we present the reduced relativistic Vlasov—Maxwell model that we want to solve numerically.
We aim at describing the behavior of an electromagnetic wave propagating in a relativistic electron gas in a
fixed neutralizing ion background. Here we consider a one-dimensional plasma in space along the x-direction.
Since non-linear kinetic effects are important in laser—plasma interaction, we choose a kinetic description for

the plasma, which implies to solve a Vlasov equation for a four-dimensional distribution function
.7—':.7-'(t7x,px7py,pz)
0
_'7:4,&6_}—4,6]2 pxB .a_]::
ot  my Ox my op

where p = (p,,p,,p-) is the momentum variable, (E,B) the electromagnetic field and y the Lorentz factor

0, (6)

2 2 2
Whd ki

2 ]
V
m262

(7)
We now reduce the four-dimensional Vlasov equation to a two-dimensional Vlasov equation by using the
invariants of the system. The Hamiltonian of a relativistic particle in the electromagnetic field (E,B) for a
one-dimensional spatial system reads
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N 12
H= (1—1—%) +ed(t,x), (8)

where ¢ is the electrostatic potential, A the vector potential, and P, the canonical momentum related to the
particle momentum p by P.=p + eA. In order that the field is well determined by the potentials we have to
add a gauge. We choose the Coulomb gauge (div A = 0), which implies that A = A | (¢, x). If we write the Ham-
ilton equation

dP.  OH
dt ~ 9oq’
with q = (x,y, z), then along the longitudinal x-direction of propagation of the electromagnetic wave we have
dP,, oH
__Jt 9
dt ox )
and for the transverse (y, z)-direction
chL
dr W H ( )

The Eq. (10) means P.;, = constant = P.; and P., is no more an independent or free variable but a param-
eter. Therefore the structure of the solution is of the form

‘F(tvxavapL) = » f(tvxvvapt’l)é(pL - (,PCL - eAL))dPCL’
cl

where P., has to be understood as a parameter or a label in f. Since the parameter P, is associated to an
invariant of the system we can consider a coarse sampling of it, which implies a substantial reduction of
the numerical effort. Therefore we can mimic a perpendicular temperature profile (recovering of transverse ki-
netic effects) or study various beam interaction systems. On the contrary, the independent variables (x, p,) are
associated to local partial differential operators, thus we need sufficiently dense sampling of them. Therefore,
without loss of generality, we now consider a plasma initially prepared so that particles are divided into A/
bunches of particles, each bunch i, 1 <i < N having the same initial perpendicular canonical momentum
P., =P, ;. From (9) the i-particles have any longitudinal p, with a distribution f{(¢,x,p,). The Hamiltonian
of one particle of bunch i is given by

Hi(t,x,p,) = m*(y,(t,x,p,) — 1) + ep(t,x) (11)

with the corresponding y; Lorentz factor

pi (Peri —eAL(t, x))2

Viz =1+ m2c? + m2c? (12)
Each group i is described by a distribution function f{z, x, p,) which must obey the Vlasov equation

dfi _ofi .

o= TAI=0 i=1.N, (13)
where [, -]is the Poisson bracket in (x, p,) variables, namely [¢, /] = 0, 0.\ — 0,0, ¥. Egs. (11)—~(13) lead to

ofi b Ofi 1 3 2\ Ofi _ o

at+_ax+ E +2m la(PcL,—eAL(E)C)) a—px—o, l—lN (14)
and the structure of the solution is now

F(t,%,p0p.) Zf (t,%,p)3(p, — (Peri — €AL)), (15)

thus reducing a four-dimensional phase-space to a two-dimensional one (plus N values P, ; for the invariant
P.,). We now add the Maxwell equations which couple the different f; through the scalar potential ¢ and the



N. Besse et al. | Journal of Computational Physics 227 (2008) 7889-7916 7895

potential vector A, . The one-dimensional wave-propagation model allows to separate the electric field into
two parts, namely E = E.e, + E |, where E, = —0,¢ is a pure electrostatic field, which obeys Poisson’s equa-
tion, and E; = —0,A is a pure electromagnetic field. In absence of any external magnetic field, B is purely
perpendicular and is given by B, =V x A;. The two Maxwell equations Vx E+9B=0 and V-B=0
are automatically satisfied. The two others couple the f;. The Maxwell-Gauss equation d.FE, = p/ey becomes

e [&
aalj”: _ . (Z ni(t,x) — ’lo>, (16)

i=1

where the charge density #; of the bunch 7 is defined by
)= [ fttx.p) dp. (17)

Let us notice that we can equivalently replace the Poisson’s equation by the longitudinal x-component of the
Ampere equation to compute E,,

OF 1
—=—— in t,x), 18
o = g D u(t) (18)
where the current density J, ; of the bunch i is defined by
e [* dp
in tv = i(Z, X, = 19
9= [ )T (19)

Introducing the propagator fields E-=E,+c¢B. and F-=E.+c B

,,, the Maxwell-Ampere equations
V x B, = pup(J, +¢90,E ) give the transport equations

OE*  OF* 1 ¥
a—tica—x__% ;Jyj, (20)

OF*  oF* 1
- — Jzi7 21
ot T Ox & — (21)

where the current density J, ;= (J, ;J-;) is defined by

Joi(t,x) = %(Pm —eA))) / fitxp,) C{fx , (22)
Let us notice that the Egs. (20) and (21) can be integrated exactly along their vacuum characteristics
x £ ¢t = constant if we can integrate exactly the source term J . In the sequel we will consider the particular
case N = 1, thus from (15) it corresponds to a cold plasma distribution in the perpendicular direction. Since
usually no streaming effects are considered we take P, ; = 0. In the context of laser—plasma interaction, this is
consistent with the fact that particle acceleration and heating is very strong in the longitudinal laser direction
with temperature 7)) > T, provided that the transverse Weibel instability may be neglected.

4. The wavelet multiresolution analysis

This section introduces the ideas and the main tool, the wavelet multiresolution analysis (MRA), we use to
construct our adaptive numerical scheme. We first present the framework of bi-orthogonal wavelets intro-
duced in [14], because it shows how our scheme can be extended to any wavelet which enters within this frame-
work, and it gives also a better theoretical understanding of the way to construct our adaptive method.
Afterwards, we describe the special bi-orthogonal wavelet we have used for our simulation: the interpolet.
Then we can reinterpret the method as a prediction—projection process. Finally, in order to take benefit of
adaptivity, we have to compute in an adaptive fashion the fluid moments of the distribution function (charge
and current densities). This task should be cautiously looked into.
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4.1. The bi-orthogonal wavelet framework

Bi-orthogonal wavelets such as interpolating and orthonormal wavelets, can be obtained in a systematic
way, once we are given a pair of dual scaling function. Thus the main theoretical difficulties in the construction
of wavelet bases mostly reside in the selection of an appropriate pair of dual scaling functions which possess
the desired properties for the analysis (oscillations, vanishing moments, singularities localization, compact
support, refinability), and for the reconstruction (smoothness, high-order accuracy approximation, stability,
compact support). The scaling function ¢ and its dual counterpart ¢ are refinable functions which satisfy
the following refinement equations

:\/EZh,,q)Qx—n), and @(x \/_Zh,,(p X —n) (23)
neZ neZ

where the coefficient sequences {%,},., and {4,},,, called filters, are given (or have to be constructed such
that the refinement equations (23) are satisfied). We define new coefficients

g, =", and g, =(-1)"h_,, (24)
and a pair of dual wavelets by
\/_Zg,, 2x—n), and Y(x \/_Zg,, (25)
neZ neZ

Moreover the pair of dual scaling functions (¢, ) and wavelet functions (,) satisfy orthogonal relations
(stability properties), more precisely

W) (- — k) = Soxs  ((), (- — k) =0,
(0(-), (- — k) = dox,  (W(), (- —k)) =0,

where (-,-) denotes the duality bracket between two functions, one belonging to a functional space S and the
other in the dual space S, i.e.

(o) = / P ()(x) dx.

The orthogonality equations (26) imply some “‘orthogonality” relations that the filters must also satisfy,
namely

Z Puhsor = Zgn§n+2k = dox,

(26)

nez nez

) . (27)
Z hngn+2k = Zgnhn+2k - 0
nez nez

If we use the notations ¢} (-) = 27@(2 - —k), pj(-) = 2774(2 - —k),Wi(-) = 22Y(2 - —k), () = 22 (2-
—k) and if we define V; = Span{¢;,},.,, V, = Span{gok}kez, = Span{y}},.,, W; = Span{{, },.,, then from
orthogonality relatlons (26) we have the following spaces decompositions

Vin=V,@W;,  Viun=V;0W;©--- 0 W,
Vin=V,eW, Vin=V,@eW,®---aW,

with j € Z and where W;LW; if i # j and Wj 1L w;if i;é Jj. The spaces V; are defined on the dyadic grids
G; = {x, = k277, k € Z} and satisfy the inclusions {0} C---C V;C V1, C - .. CL?. From the previous spaces

decompositions a function f;1; = P;1f '€ V1 can be expressed on either ba51s
1+l -
frr=Praf =3 "o = ot + Y A =Pif + Y dii =) o+ Z P
kez kez kez kez kez =) kez

=2 > 4

I<j kez
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with ¢} = (f, }),d} = {f, l%), and where P; denotes the projection operator onto V;. As we work at least on a
two-dimensional phase-space we have to generalize univariate wavelets to multivariate wavelets, which can be
done by tensor product construction. A d-dimensional multiresolution analysis can be constructed from a 1-
dimensional multiresolution analysis by tensor products as follows

V= (®)"V;
If we define X = {& = (&1,...,84) € 7%, & # 0,6, € {0,1},i = 1...d}, then we get the space decomposition
V=V Wi

0 £ &4 : i Vi ifi= 0,
where W), = U}, ® - @ Uj, with Uy, = W/_,-4 if i=1.
Using the notations x = (xy,...,x4) and k= (ky,...,k;) the projection of a function f onto V), can be

decomposed as

J—-1
S =D ad’®) +3, > > ),
kez! j=j +€Z kezd )
where Y2/(x) = Yi7(x1) - Y29 () with Y7 = {f =0
A =1.
For an exhaustive overview on wavelets and its applications in numerical analysis we refer to [15,12] and
references therein.

4.2. Interpolating wavelets: interpolets

In this section we describe the bi-orthogonal wavelet that we choose to build our scheme, namely an
interpolating wavelet based on Lagrange interpolating polynomials. In fact this interpolating wavelets
(interpolets) are based on an interpolating subdivision scheme whose task is to build an interpolant for
a given data sequence. For example we are given a sequence of samples of some unknown function at
regular intervals and the task is to fill intermediate values in a smooth way. The iterative Lagrangian
interpolation scheme, first introduced in the works of Deslauriers and Dubuc [20,21], solves this problem
by defining a recursive procedure for finding the values of an interpolating function at all dyadic points.
This algorithm proceeds by inserting a predicted coefficient between each pair of existing coefficients. Since
none of the already existing coefficients are changed, interpolation of the original function is preserved.
This recursive subdivision process is extensively used in CAGD to generate curves and surfaces, see for
example the 4-points scheme [22]. In fact some interpolating subdivision schemes as the 4-points scheme
or the Deslauriers-Dubuc method fall into the framework of bi-orthogonal wavelets. Let us see how. For
this purpose the filter sequences defining our pair of dual scaling and wavelet functions are chosen such
that

h2n = 50,n7 iln = 50413 g2n+1 = 50A,na g2n = —ay, (28)

where the coefficients @, have to be prescribed. In Table 3, we give some examples of values of a, for interpo-
lating polynomials P,y _; of degree 2N — 1 for N =1, 2, 3, and the pictures of the pairs of dual scaling and
wavelet functions represented by Figs. 1-3.

Using the bi-orthogonality relations (26), the refinement equations (23) and (25) and the filter sequences
(28) we get

Table 3

Coefficients of interpolating polynomial for different values of N

N=1 ay=a; =1%,a,=0else

N=2 a,1:azz—%,aozal:16,a,,—Oelse

N=3 (1,2:03:%7071202:*%700201:%70,,:06156
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= UL W) = c, 8i1-2\P, 5Py Czn+2kgzn 2182041
nleZ neZ

N N
j+1
CJ2/(+1 - E CJ2n+2k c/2k+1 E a'lczlﬁ—k CJ2k+1 P2Nfl(x£k+1)a
n=1-N 1-N

n=

where P,y_; stands for the Lagrange interpolation polynomial of odd degree 2N — 1 centered at the point
(xhr +1) Therefore d), represents exactly the difference between the value of the function in the space Vi,
and the value pred1cted from V. This strategy for constructing W, is particularly interesting for adaptlve
refinement as d’ will be small where the prediction from V; is good and large elsewhere, thus it gives a natural
refinement criterion.

Furthermore we can map a function defined on a dyadic grid from one level to the next by a prediction
operator P’* or map a function defined on a dyadic grid from one level to the previous by projection (or
restriction) operator Pj/ If we consider two dyadic grids G; and Gy then the prediction and projection
operators which allow to go from the sequence {c}},, to the sequence {c,"'},., and vice versa are defined as
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Gjn - G

i o -
{Cf }{keZ} = {ole = CQZ }{kez}
P/:-H : Gj — Gj+1

4 = d
. . 1 j+1
{cf{}{kez}H CfL CZ:H = PZN*I(XZ:H)

= X a,,c{,+k

n {kez)
Let us note that &(x) = d(x) is not in L? but in the set of Radon measures. The wavelet function y can be easily
deduced from ¢. Indeed, as g, = (—1)"“h1_n, we have g, = 6, and thus using the refinement equation (25) we
have y(x) = qo’zﬁl( ). The scaling function ¢ shares the following properties:

(1) Compact support: ¢ is exactly zero outside the interval [-2N + 1,2N — 1].

(ii) Interpolation: ¢ is interpolating by construction in the sense that ¢(k) = d¢ «.

(i1) Polynomial reconstruction and high-order accuracy: polynomials up to degree 2N — 1 can be expressed as
a linear combination of scaling functions, more precisely
Z(ij)q(pi(x) =x!, for0<gq<2N.
kez

(iii) Smoothness: We have typically ¢ € C*, where o = a(N). We know that «(2) <2 and that o(N) increases
linearly with N. For more details on smoothness analysis of wavelets we refer to [12,15].

4.3. Thresholding, adaptivity and optimality

The multiresolution analysis allows to decompose a function fj; = P;,1f € V4 intoitslow-frequency part on
the coarser dyadic grid V; and its high-frequency part on the supplementary spaces {VV*}66 s of V;in V;,. There-
fore the spaces {W }.cs contain the details d” needed to improve the approximation given in the space V; and
obtain a finer approximation in the space ;. If the detail @} is large, then the improvement is locally important
around the point 27V * D(2k + 1) and conversely if it is small then the local improvement is also small and thus it
can be neglected without losing too much approximation quality. Therefore the multiscale representation of a
function of V;; can be compressed with a controlled approximation loss by setting to zero the details with an abso-
lute value less than some given threshold ¢;depending on the level j. As we have seen in the previous section, the size
of the detail coefficients d2’ is also associated to the local approximation error of the prediction operator (equiv-
alent to an interpolation scheme) and consequently it is related to the local regularity of the function which is
approximated. Hence large detail d}’ means that the prediction operator gives a bad approximation of the func-
tion, locally around the point 2~V * Y(2k + 1) because the regularity of the function is locally weak (oscillations in
the case of Vlasov equation). In order to get a better approximation some supplementary points should be added
around the point 27V * D2k + 1). The approximation P;/ of f, on the bases of V; and {W:},, reads

[in(0) =P f(x) = > e () + Y > dilvi ().
kezd e€X kez?

Let ¢; be a given threshold. If we eliminate all the details smaller than the threshold then we get a new
approximation

Fro=2 e +> >0 v
kez? eeX {k‘d};‘, >¢}
Assuming that f;1, has compact support, the number of removed terms is finite and thus the error induced by
this thresholding process can be bounded in I”-norm (1 < p < 00)

Z Zd”lﬁ” 21d 1/2-1/p)

{kldi <e;y €%

LS I (ko)ldy < e))',

&
‘{d }/u Ye{(in) \d”<e,}

r

where #E denotes the cardinality of the finite set E.
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The thresholds ¢; should be chosen in order to remain within the accuracy which is achieved by the non-
adaptive scheme while reducing the CPU time and memory storage. To this end, we need to control the thres-
holding error and the prediction (or refinement) error with a prescribed precision e. Therefore, we will be able
to control the global error in time and space with respect to the reference scheme (its non-adaptive version) up
to the prescribed accuracy e. For the thresholding error, if we set €, = 27/d1/2=1P)e0 e obtain the bound

Z Z Zdu‘/j < H{z/d 1/2-1/p) d”}kw {02 l/p)dnlqo}

Jj=J {k\d”<e seX

(29)

A first crude estimate of (29) is given by #G; which suggests the choice ¢) = 2% A sharper estimate is gi-
ven by € #G} (see Section 5 for the definition of GY,) which leads to the time dependent threshold

= e#G" ). (30)
A better choice is to take the largest ¢, such that

jd(1/2—1 ]
H{Z/ 1/ /p)dli]}(k‘gyj)e{“%l)‘2[(1(1/2—1/p)d;7.1 - <e (31)

<€}

For the refinement error, we would like to define 62’0 in such a way that
d'(f¢,)

wheref &, stands for the distribution function computed on the mesh G, by using a Az-computation step of the
non-adaptive semi-Lagrangian scheme (i.e. by dropping the Step 3, 4 and 6 in the algorithm described in Sec-
tion 5) with the compressed wavelet decomposition JaR known on the adaptive mesh G7 , as initial condition.
The detail d}”( f t,) 1s the wavelet coefficient of the function ’& at the point (k,¢,j). For non-linear evolution
operators, we need to rely on specifically adapted refinement or prediction rules. For example, in the context
of the numerical approximation of hyperbolic problems by Eulerian methods (finite volume schemes), with cell
average multiresolution decompositions, the following rules were proposed by Harten in [36]: (i) If |di‘j " > €,
with d‘g‘/‘" the wavelet coefficient of the unknown at time ¢ and at the point (k,¢,/), then we include in new
adaptlve mesh the immediate neighbors of the point (k,e,j) at the same level. (i) If |d;""| > 2" '¢;, with r
the order of accuracy of the prediction operator, then we also include the children at the finer level (i.e. refine
by one level the corresponding cell of the adaptive grid). These rules are derived heuristically. Although they
are satisfactory in practice, these rules do not seem to be sufficient to prove estimate like the inequality (32). In
[13], a more severe refinement rule is proposed: refine by ¢ levels if 27671 < |di‘j | < 26D with s the Holder
smoothness of the underlying continuous wavelet system {{; } 4, .cr) obtained as the limit of {ye’ }hezees) DY
letting J — oo. With such a rule the authors of [13] succeed to prove estimate like the inequality (32). In prac-
tice, it is nevertheless observed that Harten’s rule [36] is sufficient and that the thresholding error tend to dom-
inate the refinement error. If we suppose that the estimates (30) or (31) and (32) hold, and provided that the
discrete numerical transport operator-constructed in the non-adaptive semi-Lagrangian scheme — and the pro-
jection operator P; have good stability properties in L” spaces, with a stability constant bounded at worst by
1 + CAt (C being a constant independent of the discretization parameters), then the global error estimate — in
LP-norm — between the exact solution and that given by the adaptive semi-Lagrangian numerical scheme be-
have like O(A#* + (K"*" + €)/At), where k + 1 is the order of the local trunction error in time of the non-adap-
tive scheme, and m is the degree of the polynomial that can be reconstructed by linear combination of wavelet
functions, and with 4 ~ 27/ the minimum radius of the cells.

For our adaptive semi-Lagrangian scheme (see Section 5, Step 3) our refinement strategy, is inspired by
Harten’s rule. In fact we proceed as follows: (i) If |d{""| > ¢;, we advect the associated point (k, e, j) € Gl
by pushing forward the characteristics coming from this point (k,¢,j) during a time Az. To this end we inte-
grate the characteristic curves with a forward Euler scheme. Then we include the immediate neighbors of
the ending point at the same level j. (ii) If |d;”"| > 2""'¢;, with » € N (here r = 2), we also include the children
of the target cell at the finer level j + 1 (i.e. refine by one level the corresponding cell — of level j — in which the
ending point of the characteristic curve falls). This rule leads to the construction of the mesh G, (see Section 5,

< if (khe) ¢ G,

€’

(32)
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Step 3). Even if this rule is heuristic, as the Harten ones, it supplies good results in practice as it can be
observed on the numerical simulations of the Section 6. As a conclusion of this section, let us note that a com-
plete analysis of the exact trade-off between accuracy and complexity (represented by the number of param-
eters #G ) and then a proof of the optimality of the adaptive strategy are still not available, even for very
simple equations such as one-dimensional scalar conservation laws, for which theoretical results such as The-
orem 1.1 in [16] indicate the adaptive methods should behave significantly better than non-adaptive methods.

4.4. Computation of the moments

In order to take benefit of the adaptivity, we have to compute the charge and the current density in an adap-
tive fashion. Thus, we intend to suppress any computation that takes place on the finest grid. For this purpose,
it is natural to replace in Eqgs. (17), (19) and (22) the distribution function by its multiscale decomposition.
Nevertheless in the integrals (19) and (22) there are non-linear terms in p, because of the presence of the Lor-
entz factor y,(t,x,p,). To overcome this problem one answer is to project the non-linear term y,¢, x,p,) onto a
set of local polynomials. More precisely we suppose first that we can compute with any precision the moments
of ¢ and y:

m{ = / o(p)pdp, ml = / W (p)p*dp.

Let us consider the two-dimensional wavelet decomposition of the approximation f;y; of f'in the space V;y,

Sinlx,p,)= Z (C'/il,kzq’/q ‘Pk, +Z( LV ()l (p) +di o, GO, (p) +di LW (x)lpzz@x)))

(ky ky)eZ?

(33)

Using the decomposition formula (33), projecting y; ! (x, p,) on local polynomials in p, of degree Q, after inte-
gration the equations (17), (19) and (22) will lead to

By () = / Sa1(py) dp, = Fo(x,m§,m?),

Py dp,
x1+1 /fj-H X, Dy ylxxp):FJIX(X,mg7mg7~~->m2+1>mg+1),
A d
L 4P y
Ji ) =— /fﬁl xX,p.) o FJL(x,mff,m(‘/),...,mg,mg).

Now let us explicit the functions F,,, F;_and F,, in the case of Lagrange polynomials of degree two and three.
In the section of the interpolet description we have seen that we can deduce the wavelet function from the scal-
ing function by the relation ] (-) = @4t (). Hence we only consider the case of the scaling function ¢}. Let us
take the basis {p,p»,p3} of one-dimension Lagrange polynomials of degree two centered at the point 277/ with
support [(=2N + 1+ 127, (2N — 1 + 1)277]. Let {¢1.4». 43,94} the basis of one-dimension Lagrange polynomi-
als of degree three centered at the same point with the same support. More precisely we have

27 - - _
P1(’):m(‘—2 D —=27(1+2N - 1)),
2% y
Po() =~ (= 2N + 14 D)~ 2,

(2N — 1)
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3t 4 (1-2N it
332 (1-2N
q3(.):_m( _2- (1—2N—|—l))(-—2 ( +1>>( — 270N — 1 +1)),

q4(.):%( —2" (1—2N+l))( J<132N+1>>(._2j<2N31+1>).

If we interpolate y;!(x, p,) in the local bases {p,p2,p3} and {q1,¢2,93,94}, after some algebra we find

nji(x) = Z (2‘7011,1(2%1 +Z( ’dZquzl//kl x)+2° v dilqkzwkl() 420D dflizlﬁkl(x)))v (34)

ky ko eZ?

e ) 7 A C, 1
Jrjri(x) = m Z <cliq,kzwi,k2( q’kl +Z (dqukzwl kz( )lvbkl( x) + dk'lqkzwigkﬁl( )QDZI (x)

ky o €22 q=j

W i 1 (W (X)> ) ; (35)

J

2A . ) o o
Jijnx) = — mL Z (C'lihkzwjz‘kz (x)qoil(x) + Z <dk}[{k2“’§7kz(x)‘pzl (x) + dkﬁ@%ékﬁl@)‘/’% (x)

ky ko €2? q=j

W, <x>)). »

For the case of quadratic Lagrange polynomials we have

. - o 5, (x) 4+ o), (x i mf\
W) =2 s (%) +27(1- %) 0,

' 1) 27 o (x) — o 5, (x
W‘Il,l(x) = 27]1w§ﬂ,(x) —|—Tmf (M)

and for the case of cubic Lagrange polynomials we have

2 =00+ 2,0) + 25 (128 (60 + o ),

W2. 1 (x ) 24 24 2 3
24

where oc{,(x) =97 '(x,27/(1 +1)). Therefore, the computation of n;ty, Jy+1, and J, s+ require a number of
operations linear in the number of non-zero details d;, ,, and ¢; ;, coefficients.

M){,l(x) = 2—/']”)12"[()6) + zzj{w (chl(x) - O‘j—s,l(x)) + M (“il,l(x) - “il(x)> }a

5. The adaptive numerical approximation
This section is devoted to the description of the global adaptive algorithm.

Step 1. Initialisation. Let ; be the level of the coarsest dyadic grid and J the level of the finest one. In the ini-
tialisation phase, we first compute the wavelet decomposition of the initial condition f; which is
known analytically. It is then compressed by eliminating the details which are smaller than the thresh-
old € (in L'-norm, i.e. p =1 in (29)) that we set. We then construct an adaptive mesh, named GSO.



Step 2.

Step 3.

Step 4.

N. Besse et al. | Journal of Computational Physics 227 (2008) 7889-7916 7903

From all the possible points at the levels between our coarsest and finest, the mesh GBO contains only
those of the coarsest and those corresponding to details which are above the given threshold ¢,. From
the compressed wavelet decomposition of f, we compute all the moments p°,J? and J‘i using the
method depicted in Section 4.4. Solving the Poisson equation (16) we obtain a value for EY. Therefore
we get E!/? by solving the Ampere equation (18) following the scheme E'/*(x) = E%(x) — “AL 0/ (280)
Furthermore we suppose that we know analytical expressions for E=° Ft S Sl s , F="12and A
All these assumptions allow to start the code self-consistently. In fact the quantmes E., E*, F* are
computed at time /"~ and the quantities f, A, are computed at time ¢*. We now suppose that
we know the quantities E"~'/2 E=n=1/2 pEn=1/2 gn A" "and G” then the following numerical scheme
allows to get the same quantities one time step further.

Electromagnetic field integration. From the compressed wavelet decomposition f” known on the adap-
tive mesh G? we compute adaptively (cf. Section 4.4) the moments p”,J” and J' . Therefore the fields
(E* 172 Fct 1 %) and E”“/ 2 are computed by integrating, respectively Eqs (20) and (21) along their
vacuum chardcterrstrcs x + ¢t = constant and the Ampére equation (18) on the time interval [~/
Y %] using a second order quadrature rule in time (middle point rule), i.e.

EFR(x) = B (x) — AL (x) 2o,
E*"12(x + cAr) = B2 (x) — AT} (x + cAt/2) /e,
FE2 (0 eAl) = FE"12(x) — A" (x F cAt/2) /2.

B

Hence we may integrate exactly along the vacuum characteristics using grid spacing Ax = cA¢, and
consequently we have

Jy(x £ cAt)2) = %(J;’,(le: Ax) +J5(x)), JI(xF cAt/2) :%(J;’(x¥ Ax) +J(x)).

For the prediction step we will need to know (E*", F*"") and E". They are approximated by averaging,
ie.

EL(x) = 5 (BP() + EP(2)
and
Ei,n( ) %(Ein 1/2( ) Ei,n+l/2(x))’ F:t,n(x) :%(Fj:,nfl/Z(x) _’_Fj:,n+1/2(x))'

Prediction. We predict the positions of the phase-space (x,p,) points where the details should be
important at the next time /"' by pushing forward the characteristics coming from the points of
the mesh G} . This new mesh is denoted by G . To this purpose we use a simple Euler scheme for
time 1ntegration, 1.e.

2 =2 A (1,2,

where

pi(t) (AL xBy)(t,x(1))
0 = (0.0, Fa(0) = (it o e(Bierto) -G )
with the notation z"” = z(¢"). In order to capture new fine scales and new physical phenomena, we re-
tain the mesh points, at one level finer than the starting point, whose support contains the end char-
acteristic point (see Section 4.3).
Construction of the mesh G" From the predicted mesh G" we construct the mesh G”O where the val-
ues of the distribution functlon at the next time step shall be computed. Since the mesh G” is not
suitable to perform a wavelet decomposition, we construct the well formed tree G” which contarns
exactly the points necessary for computing the wavelet transform of /! at the pomts of G"
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Step 5. Transport-interpolation. First we need to compute A’fl/ *. To this purpose we use a time centered
scheme to solve 9,A| = —E . Hence we get
AT () = AT (x) - AET (),

and finally we obtain A"""/*(x) by the averaging

1

n+1/2 n n

Af / (x) = E(Afl(x) + A’ (x)).

Now we push backwards the characteristic curves which end at the points of G’E’O on a time step Az, to
find the origin of these characteristic curves, namely z'. Integrating the non-linear ODE
d,z(t) = F(t,z(1)) on the time interval [, #""'], using a middle point quadrature rule and the second
order in time approximation 2 = (4 Z")/2 we are leading to solve the fixed-point problem
in 0z

oz = AeF ("2, 21 — 62/2),

where we set 0z = 2! — 2. This fixed-point problem can be easily solved by a Newton algorithm.

Then we interpolate the distribution function at the origin of the characteristic curves by using the
wavelet decomposition /™ on the mesh G? , to update the distribution function f "1 on the mesh G7,.

Step 6. Wavelet transform and compression. We compute the new coefficient sequences {/g,i’”“} ez
{dzi‘nﬂ}kezz,ze[j, -1y at the points of G from the values of f "1 known at the points of G . Hence
we eliminate the points of G where the details d""" are lower than the level dependent threshold
o =27 12=Un)e (in L'-norm, i.e. p =1 in (29)), and thus we obtain the new adaptive mesh Gfﬂ“.
Finally we close the loop of a Az-computation step by going back to step 2.

6. Simulations of laser—plasma interaction

In order to show the efficiency of our algorithm and its high accuracy some simulations have been carried
out to analyse in detail the wave—particle dynamics met in the relativistic regime of the laser—plasma interac-
tion with moderately overdense plasma. When electromagnetic waves propagate through a plasma layer, they
become parametrically unstable. At low densities, they are identified as the stimulated Raman scattering
(SRS). At large intensities, strong relativistic effects give rise to the longitudinal relativistic modulational insta-
bility (RMI) and the transverse relativistic filamentation instability (RFI). For such instabilities the growth
rates are so high (y/w, 2 0.3) that these instabilities start from the round-off errors of the numerical scheme
(when no initial perturbation is introduced).

The Vlasov equation, coupled to the Poisson or Maxwell equation, often leads to the filamentation process,
which is one of the reasons why Vlasov simulations have been poorly considered, compared to PIC simula-
tions which are not sensitive to this problem. The distribution function is constant along the characteristic
curves which tend to roll up, so that the phase-space regions where the distribution function has different val-
ues, come close together and steep gradients are thus generated. Vlasov simulations provide an excellent
description of the small scales of the phase-space dynamics, although the well-known filamentation mecha-
nism and phase-space mixing are saturated by the numerical dissipation of the numerical scheme. Indeed,
there exists a time when the phase-space grid becomes too coarse to follow these thin filaments which get finer
as time goes on. Furthermore this mechanism is electromagnetic strongly amplified by relativistic effects since
parametric instabilities (RMI, RFI) tend naturally to produce thin filaments via strong particle acceleration.

6.1. The relativistic parametric instability

In this section, we check the numerical method by computing the vortices induced by the relativistic modula-
tional instability generated by an ultra-intense pump wave in a periodic box. In this test case, the pump electro-
magnetic wave is assumed to be circularly polarized with a dispersion relation given by w} = w[z, /70 + kgc?,
(o, ko) being respectively, the pump frequency and the wave number of the electromagnetic wave, and 7y, being
givenby 93 = 1 + p2../m*c® = 1 4+ a}. Let us note that Akhiezer and Polovin [2]find a solution to this problem for
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the propagation of a circularly polarized transverse electromagnetic wave in a homogeneous plasma, i.e. such
thatf(z, x,p.) = noFo(px)- Alarge amplitude right (v = +1) circularly polarized electromagnetic wave is initialized
in a simulation box with a quiver momentum ay = p,./mc = v/3 and we have chosen

E,(t=0,x) = Eycos(kox), E.(t=0,x) = vE,sin(kox).

The initial condition for the magnetic components has been taken as

ko . k
B,(t = 0,x) = —vEy— sin(kex), B.(t = 0,x) = Ey— cos(kox).
(o) Wo

The corresponding initial condition for the transverse potential vector A |, are then given by

Ayt = 0,%) = 22 sin(kox),  Au(t = 0,x) = —v2 cos(kox).
Wo o
The pump wave frequency is wg = 1w, corresponding to a wave number koc/w, = 2Ak/w, = 1/V2,Al=2n/
L, being the fundamental mode of the plasma corresponding to a ratio of the plasma density to the critical
density of no/n.=1. The numerical integration was carried out with a time step w,Ar=0.017355. The
phase-space sampling is chosen as follows. We choose the coarsest level as j, = 6,7, =7, and the finest level
of refinement as J, =9,J, = 10, which means that we allow three levels of adaptive refinement. In other
words we choose a coarse grid N,N, = 64 x 128 with the possibility to refine the mesh adaptively on three
more levels. The threshold ¢, is set to 107°.

Large amplitude plane light (wy, ko) couples any existing plasma fluctuation (w, k) to a hierarchy of electro-
magnetic sidebands (wo + ¢w, ko + Ck). At low intensities (a9 < 1), Stimulated Raman Scattering, the decay
into a resonant electron plasma wave and Stokes (with / = —1) and possibly anti-Stokes (¢ = +1) electromag-
netic sidebands, is the dominant mechanism. At large intensity (aq = 1), the different ¢ becomes strongly cou-
pled with the growth of several plasma modes (w, k), known as relativistic parametric instabilities [29]. In the
cold plasma case we have Fy(p,) = d(p,) and the Vlasov equation reduces to fluid equations. Assuming (o, kq)
is the dominant mode and (w, k) a small perturbation, a little algebra yields the dispersion relation (see [29]):

2.2 412
,a; (k Ve

D.D_ =
’ % D,

)[R} 37)
where D, D, correspond respectively to the dispersion relation of the electron plasma wave and of the elec-
tromagnetic waves in the presence of the large amplitude electromagnetic wave. We have
2
w
D,=w" —-L (38)
Y0
with y, = (1 + aé)% and
(1)2
Dy = (0 + ) — (k+ k)’ ——2. (39)
Yo
The temperature of initial distribution function of the plasma is chosen such that the cold plasma approxima-
tion is still valid. In fact this approximation consists in neglecting the longitudinal thermal velocity compared

to the quiver velocity of the electron, being close to light speed, ie. vw/c=/(kgT|/m.)/c =
0.044,/T| [keV] < 1. In this numerical example we take a Maxwellian equilibrium with 7)) = 3 keV, i.e,

vm = /3/511. The numerical resolution of the dispersion equation (37)—(39), gives a maximum growth rate
y/w, =0.409 at kyaxc/w,=1.469. The numerical growth rate is 0.403, thus less than 1.5% of error. In
Fig. 4 we can see the time evolution of the electric energy. As no initial perturbation has been introduced
in the distribution function, the method being noiseless, the longitudinal electric field starts up from the
round-off errors. Since the wave generation mechanism is resonant, the wave grows secularly until non-linear
effects cause plasma wave breaking and limit thus the plasma wave growth around ¢ = 90w, !. From Figs. 5-9
we can observe the distribution function (on the right) in the phase-space (x,p,) and its relative adaptive
phase-space grid (on the left). When the plasma wave rises, the formation of phase-space vortices is clear
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Fig. 4. Growth rate of the parametric instability.
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in Fig. 5, and, when the plasma wave fields saturates, plasma wave breaking becomes evident at time ¢ = 93.71,
with occurring of a particle acceleration. In Figs. 5 (right) to 7 (right), we observe that the refined domain (in
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Fig. 9. Snapshots at t = 104.13@;1 of the distribution function in phase-space (x,p,) and the associated adaptive grid for the parametric
instability.

red) is smaller than the unrefined domain (in white) which would have to be computed in the case of a non-
adaptive numerical method. Here we see clearly the advantage of the adaptive scheme in term of memory
space and CPU time saving. From Figs. 8 (right) to 9 (right) we see that the total domain of computation
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starts to be filled by refinement points, thus the adaptive method is no more competitive compared to a numer-
ical method where the phase-space is discretized with a fixed mesh.

6.2. Self-induced transparency and KEEN waves

In this test case we require a realistic bounded plasma layer (slab) with transparent walls. The electron
distribution function is fixed at the boundaries by f{#,x,p,) =0 for x =0 or x = L. The electromagnetic
radiations are allowed to enter the system at the left boundary, when exiting at the other boundary, they
do not return and are no longer considered. For right circularly polarized electromagnetic fields, we assume

E*(t,x = 0) = 2E,prof(¢) cos(wot), E~(t,x=0) =0,
F(t,x=0)=0, F (t,x=0)= —2vEyprof(¢) sin(wyt),

and for the potential vector
E . E
A,(t,x=0) = —w—oprof(t) sin(wgt), A,(t,x=0)= —vw—oprof(t) cos(wot),
0 0

in which the rise time profile prof is given by prof(¢) = sin’(nt)/2t for ¢ < t and prof(r) =1 for ¢ > © (and
© = 50w, ). It is well-known that a high-frequency electromagnetic wave, with frequency less than the electron
plasma wave (wo < w,) cannot propagate in a plasma. Nevertheless, if the intensity of the pump wave is suf-
ficiently intense to make the electrons relativistic, the cutoff frequency decreases due to relativistic mass var-
iation (increasing of the Lorentz factor). In the following, a laser pulse propagation in the x-direction is
normally incident on an inhomogeneous density profile in the case of an overdense plasma. In the present sim-
ulations, the ions form an immobile background with steep gradient in density and the electron density is
taken such that no/n. = 1.20. The normalized quiver momentum is ag = 1.25. The physical system consists
of a plasma layer of uniform density of length Lyjasma = 60c¢/w),, surrounded by a vacuum region of
length  Lyacyum = 60c/w, on both sides. The total length of the system is then L = Lyjasma+
2L acuum t 2Ljump = 210¢/w, where Liymp, = 15¢/w,, is a small region over which the density jumps from zero
to ny. The initial condition for electron distribution is a Maxwellian equilibrium with 7)) = 20 keV. For the
sampling of the phase-space we choose a coarse grid NN, = 256 x 64 with the possibility to refine the mesh
adaptively on three more level in each direction. The threshold ¢, is set to 1075 The time step is set to
At =0.1025. In a first penetration phase of the laser pulse (on the time interval [0, 550w;1]), a relativistic
Doppler shift takes place at the moving wave front (which acts as a moving mirror) and causes the beating
on incoming pump wave with its reflected Doppler-shifted wave (from Figs. 10-12 (left)). The beating of this
pump with its reflected wave from the front wave (area where there is a discontinuity of the plasma density)
leads to the formation of vortices (~11 vortices). As a result a resonant three-wave parametric instability
develops and gives rise to an electron acoustic-like(low-frequency) plasma wave which heats the plasma in
a coherent way and generates the formation of trapping-like structures. This phenomenon is called self-in-
duced transparency. Once the front wave (and the laser pulse) has crossed the plasma layer, the slab is under-
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Fig. 10. Snapshots at? = 0w, U(left) t = 205, ! (right) of the distribution function in phase-space (x, p,) for the self-induced transparency.
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Fig. 13. Snapshots at t = 1128w, U (left) t = 1333w, ! (right) of the distribution function in phase-space (x,p,) for the self-induced
transparency.

dense and transparent for light and thus another physical process takes place. When the relativistic Doppler
shift ceases, a new three-wave parametric instability occurs involving the decay of the pump wave into a scat-
tered radiating slab mode (called “weakly radiating pseudo-cavity electromagnetic mode”), close to plasma
frequency, and a low-frequency plasma wave called KEEN wave (kinetic electron electrostatic non-linear
waves) [1,26]. The trapping structures, seen in the phase-space (Figs. 12 (right) to 13), is associated to the exci-
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tation of this kinetic self-sustained non-linear electron mode (KEEN wave). They represent a non-steady var-
iant of the well-known Bernstein—Greene—Kruskal (BGK) modes [3] that describe invariant traveling electro-
static waves in plasmas. This KEEN mode can be excited in a sufficiently hot plasma and with sufficiently
intense fields. Therefore we see the importance of preliminary beatwave mechanism, induced by Doppler shift,
which has strongly heated the plasma during the self-induced transparency stage. In Fig. 13 we see the forma-
tion of a strong return current and the traveling of vortices which disappear in a return current when they
reach the right side of the slab and which reappear from the return current on left side of the plasma slab
(~7 vortices). The stimulated KEEN slab scattering (SKSS) process plays an important role in the mechanism
of plasma heating to relativistic temperatures. This results are similar to those obtained in [25,26].

In Fig. 10, we observe that the region, where the plasma density is non-zero, is smaller than the whole
domain of computation displayed in Figs. 10-14. We have to take a box with a great part of vacuum because
the propagation of electromagnetic waves through the plasma leads to the formation of thin and localized fil-
aments of accelerated particles (see Fig. 11) which can spread over all the box length. Therefore, we under-
stand why in this typical situation an adaptive algorithm should be more interesting than a uniform one.

6.3. Laser wake-field
In this test case we are interested in the laser wake-field process, which seems to be a good way to accelerate

particles to very relativistic velocities [23]. The laser pulse which has a Gaussian profile in time, is ultra-intense
and has a ultra-short wave length. It enters at the left boundary of the simulation box, propagates first into

. 10 6 2000F oo w2
ek % 5 Py - axis
30 ”
1500}
25 5
20 5
15
1 1000}
10
0
AN/ 500} N
R
X-axis |° .
, ; Sl s X - axis
o e
© 20 40 60 80 100 120 140 160 180 0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Fig. 14. Snapshots ats = 88w;] of the distribution function in phase-space (x,p,) and the associated adaptive grid for the laser wake-field.
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vacuum before penetrating an underdense plasma slab. The acceleration will be maximum if the ponderomo-
tive force pushes the electron over a length equal to 4,/2 (where 4, is the plasma wave length) and if they are
slowing down over the same length. Therefore we need a pulse of width © = 2n/w,, and thus the electrons oscil-
late at the plasma frequency w,,. Here we suppose that the ions form a fixed inhomogeneous neutralizing back-
ground. As in Section 6.2, the initial distribution of the electrons is a Maxwellian distribution in longitudinal
momentum with a temperature of 3 keV, modulated in space by an inhomogeneous density. The initial con-
dition for the electromagnetic fields EX, F* and A, are the same as in Section 6.2 except that now the profile
prof is Gaussian, i.e. prof(r) = exp(—a(t — 1/2)?) for t <t and prof(f) = 0 for ¢ > 7. The bandwidth of this
pulse is A = 2\/1/_oc where o = (2w/n)> In this case the pulse is chosen such that exp(—a(7/2)?) < 1, which
is satisfied for ©=2A=2n/w, The total length of the system is then L = Lpjsma T Lyacuum,right T
Lvacuum,left + 2Ljump = 1806/6017 with :Lplasma =90, Lvacuum,right = 10, Lvacuum,left =60 and 2'Ljump =20. In
the simulation the circularly polarized laser pulse has a quiver momentum ay, = 4/3/2 and the density of
the plasma is such that ny/n. = 0.1. The phase-space is sampled with a coarse grid N.N, = 1024 x 256 and
with the possibility to refine the mesh adaptively on three more levels in each direction. The threshold ¢ is
set to 1075,

The ponderomotive force associated to the laser pulse pushes the electrons forward and the response of the
plasma is the generation of a longitudinal electric field which tends to cancel this movement. During its prop-
agation into the plasma, the laser pulse will leave in its wake a longitudinal electric wave of phase velocity
v, ~ ¢ and wave length 4,. From Figs. 14-18, we can observe the modulation of the distribution function
in the phase-space (x,p,) at different times. In Fig. 14 the peak of the distribution function is typically asso-
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Fig. 16. Snapshots at t = 13250;1 of the distribution function in phase-space (x,p,) and the associated adaptive grid for the laser wake-
field.
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ciated to the wavebreaking process, which is followed by the acceleration of the electrons. In Figs. 15-17, we
see clearly a strong acceleration of the plasma electrons in the laser pulse wake-field, up to moment value p,/
mc = 30. In Fig. 17 and 18 (right) we observe particle trapping processes which occur from position xw,/
¢ = 110 to position xw,/c = 160 at the time ¢ = 176w;1. In Fig. 18 (left) we see that the electrons are well accel-
erated along a straight line as can be also reproduced by a PIC code [39,42]. Therefore our adaptive scheme
can depict the same thin filaments as PIC codes do, whereas it could be almost impossible with a fixed mesh of
phase-space because of the huge needs of CPU time and memory capacity. Then the advantage of the
adaptivity compared to classical Eulerian numerical method constructed on a fixed mesh is that you can
observe and follow in time the fine structures like these narrow localized filaments of accelerated particles with
a reduced computation cost and with weak memory storage. Let us note that in Figs. 14 (right) to 17 (right)
the whole region (white and red areas) corresponds to the finest grid we would have to compute with a non-
adaptive Eulerian numerical method.

6.4. Performance analysis

The performance analysis presented in this section has been carried out on the zahir machine (IBM eServer
p690, p690+, & p655) at IDRIS (Institut du Développement et des Ressources en Informatique Scientifique,
CNRS, France). The zahir computer is a scalable distributed and shared memory multi-processor system of
1024 processors Power4 and Powerd+. With a frequency equal to 1.3 GHz, the theoretical peak performance
is 5.2 Gflop/s per processor. The level 1 instruction have a size of 64 KB and data cache have a size of 32 KB,
whereas the secondary unified instruction/data cache size is 1.5 MB. Even if our adaptive semi-Lagrangian
scheme is implemented in a parallel version, all runs have been performed with one processor, in order to mea-
sure the efficiency of each numerical algorithm itself and not the parallelization method. For a representative
test case, we present computation time in seconds at one particular time step within a simulation of 1600 time
steps. We compare the computation time given by two numerical schemes. The first one, named adaptive-S.-
L., is the adaptive semi-Lagrangian scheme depicted in this paper and the second one, called uniform-S.-L., is
the semi-Lagrangian scheme described in Reference [38]. In the article [38], a semi-Lagrangian scheme is devel-
oped on a uniform grid of phase-space while the interpolation at the origin of the characteristics — computed
as the solution of a fixed-point problem solved by a Newton algorithm — is performed with cubic splines inter-

Table 4
Computation time in seconds for the adaptive-S.-L. scheme and the uniform-S.-L. scheme for the three test cases ILPP%RPI, ILPO%SIT
and ILPO%LWEF, after 1600 time steps

Test case Scheme

Adaptive-S.-L. Uniform-S.-L.
ILPP%RPI 3000s (50m) 5280s (1h28m)
ILPO%SIT 6060s (1h41m) 8220s (2h17m)

ILPO%LWF 23760s (6h36m) 32992s (9h10m)
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polation. The labels ILPP%RPI, ILPO%SIT and ILPO%LWF refer respectively to the test case 6.1, 6.2 and
6.3. For the test case ILPP%RPI, the adaptive algorithm starts with a distribution function of 2° x 2'° points
atlevel j, = 6, j, = 10, with three levels of refinement and a threshold ¢y = 107°. We denote this adaptive grid
as 273 x 21973 'In the test case ILPO%SIT we take the adaptive grid 257 x 2573 and a threshold ¢, set to
1078, Let us note that the corresponding grid size for the uniform-S.-L. scheme is of 2'! x 2!' points. For
the last test case ILPO%LWEF the threshold ¢ is set to 10™® and the adaptive grid is 2'°" x 2°". The com-
putation times are summarized in Table 4.

7. Conclusion and discussion

To conclude several remarks must be pointed out:

As a matter of fact the purely collective approach — as the Vlasov model — is an approximation of the N
body problem: a plasma of length L allows (L/Ap)® collective modes while the importance of the individual
effects is given by the parameter no/lf’) (ng being the density of particles). In fusion and space plasma noiuf) is
of order of 10°—10° while L/ip=10°—10%. Obviously we cannot treat 10'® particles (since
N = ngdy(L/ Jp)’ this number corresponds to L/Ap = 10* and nylsy = 10%). Indeed the Vlasov approach (cor-
responding to ”0/130 — +400) if it deals with the correct treatment of the purely collective plasma does it by
introducing a phase-space, i.e. a product of the configuration space by the velocity space. This guarantees
the noiseless character of the model.

The next important aspect is then the loss of efficiency of the Vlasov model when filamentation in velocity
space arises. The first different attempts on the numerical solution of the Vlasov equation (especially with spec-
tral methods like Fourier—Hermite see [28]) were not able to solve the problem of filamentation unless using a
huge number of Hermite polynomials. For some problems encountered in high intensity laser—plasma inter-
action such as the laser wake-field accelerator or the parametric instabilities in the relativistic regime, we have
to simulate large beams located in very thin regions of the phase-space while large regions are empty of par-
ticles. Very fine grids are then needed. For such problems, the use of an adaptive mesh method (with a natural
criterion to perform local grid refinements) allows to compensate the efficiency lost by the filamentation pro-
cess. It should also be noted that in first non-adaptive 2D causal Vlasov simulations [27] the case of laser—
plasma interaction have shown that the particle acceleration arises in the longitudinal direction (which corre-
sponds to the direction of laser propagation, say x — p,) while only modulation of f'is just observed in the
transverse y — p, phase-space plane. A very fine resolution of the plane x — p, is then required to obtain a
good description of the accelerated particle dynamics. The adaptive mesh scheme used here allows such a
description.

Another important aspect was the number of dimensions which can be handled. The border between both
methods (PIC and Vlasov) consequently is given by the phase-space dimension and more precisely the velocity
space dimension.

Indeed in PIC modes, particles are considered as volume elements of the phase-space gathered at the same
point (r;,p;). In that respect an individuality parameter will show up. An efficient smoothing is then introduced
either by considering overlapping particles which are extended in space, or by filtering the short wavelengths of
the fields or by redistributing the charge of a superparticle among the neighboring points of the configuration
mesh. Although these treatments decrease efficiently the unwanted — because exaggerated — individual effects,
they do not change the scaling of these effects and dividing these effects by two still imposes a doubling of the
number of particles. The reason is that, to kill these effects we must smooth the fields not only on the inter
particle distance but also on the Debye length, but then we begin to modify the possible collective behavior:
finally no% of order 10%or even 10* must be used, which correspond to small values of the graininess param-
eter. Actually Vlasov codes can be preferred for 2d + 1v (2D in configuration space plus one-dimension in
velocity or 3D phase-space) or 3d + 1v, or even 2d + 2v (4D phase-space) problems. It is the velocity space
sampling which plays here the major role since usually the resolution of the Maxwell’s equations requires
the same sampling in the configuration space in both Lagrangian and Eulerian Vlasov models. An adaptive
mesh method in the semi-Lagrangian approach allows to take into account two-dimensions in velocity since
the computational effort is put only on these non-zero regions of the velocity space. PIC codes are however
very efficient in particle acceleration provided that the (physical) graininess parameter is not too small, since
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particles were found — during their evolution — located exactly along the fine filaments which characterize the
physical particle acceleration process. However the bad sampling of the velocity is worst in the region of low
density and high velocity where there are very few particles which play an important role in the evolution of
the plasma (stopping of the Landau damping by non-linear effects, heating process, ...). The adaptive mesh
methods may in these cases considerably increase the efficiency of the Vlasov model without modifying its
advantages (noiseless character and good resolution in phase-space as observed in the numerical tests).

An interesting point is the existence of dynamical invariants as shown in Section 3. If we take these invar-
iants as new independent variables, then we can discretize them coarsely, since there is no exchange of particles
between the different populations (they simply interact through the electromagnetic fields). Providing a special
choice of initial conditions, they remain exact for all time ¢ and space x. From both an analytical and numer-
ical point of view the use of exact invariants allows obviously a reduction of the complexity of dealing with a
full Vlasov equation with a 3D velocity space. This makes the use of an adaptive mesh scheme a very powerful
method when it is coupled with such invariants (transverse canonical invariants met in laser—plasma interac-
tion or adiabatic invariants in gyrokinetic models). The performance and accuracy obtained in the examples
presented here are very satisfying and these examples show that our adaptive Vlasov scheme is able to describe
accurately non-linear effects such as the filamentation process — which is a very difficult problem to solve from
the numerical point of view — or the saturation mechanism of the parametric instabilities in the relativistic
regime.

Even though the use of an adaptive mesh in a semi-Lagrangian Vlasov solver will eventually be of benefit as
well in terms of memory as in computational cost for many problems in plasma physics and in beam physics,
the development and implementation of an efficient adaptive solver is a complex problem that will still need
much collaborative effort between physicists, applied mathematicians and computer scientists. Indeed, in the
problems that were addressed in this paper, as in many other problems involving the Vlasov equation, the
number of grid points that remain with our wavelet adaption technique after some time becomes too high
for the method to be competitive with a uniform mesh solver due to the important overhead associated to
the wavelet method which gives us the adaptive grid. This difficulty becomes even more important for a par-
allel version of the code. There are now efficient uniform grid Vlasov solvers that scale very well on thousands
of processors whereas the efficient parallelization of adaptive mesh solvers is a real challenge.

Here the Vlasov simulations are performed in a two-dimensional phase-space where the development of
thin filaments, strongly amplified by relativistic effects, is the signature of strong particle acceleration in
laser—plasma interaction. The phase-space filamentation requires an important increase of the total number
of points of the phase-space grid as the filaments get finer as time goes on. The structure of these filaments
is essentially one-dimensional even in higher dimensions. Therefore, the adaptive method could be more useful
and efficient in cases where these thin filaments that need to be resolved are a very small fraction of the hyper-
volume, which arises in higher dimensions because of the surface-to-volume scaling and the essentially one-
dimensional structure of the filaments.

The main drawback of our scheme is the poor local character — in phase-space — of the semi-Lagrangian
method and the wavelet multiscale reconstruction that we have used. Indeed the lack of space locality of
the semi-Lagrangian method comes from the characteristic curves tracking which prevents us to know a priori
the size of the dependance domain of each mesh point and thus the number of cells that the characteristics will
cross. The poor locality of interpolets comes from the size of its support. This poor locality of the scheme has
two negative consequences on the efficiency of the adaptive method. The first one is that the scheme involves
more points than it is needed. The second one is that it is difficult to construct an efficient parallel algorithm
such as domain decomposition algorithm. Therefore, the main way to improve the efficiency of the adaptive
method is to increase the local character in phase-space of the numerical scheme, by considering multiscale
reconstruction with more compact support and by replacing the semi-Lagrangian method with more local —
in space — numerical schemes as compact finite difference schemes, discontinuous-Galerkin method or finite
element residual schemes which are well suited for parallel domain decomposition techniques.
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